Abiotic factors inducing osmotic stress can influence the plant immune response and resistance to pathogen infections. In this study, the effect of polyethylene glycol (PEG)-and sucrose-induced osmotic stress on polyamine (PA) homeostasis and the basal immune response in grapevine plantlets before and after Botrytis cinerea infection was determined. Pharmacological approaches were also addressed to assess the contribution of osmotic stress-induced PA oxidation to the regulation of defence responses and the susceptibility of grapevine to B. cinerea. Following osmotic stress or pathogen infection, PA homeostasis was linked to enhanced activity of diamine oxidases (CuAO) and PA oxidases (PAO) and the production of 1,3-diaminopropane. These responses paralleled the accumulation of the main stilbenic phytoalexins, resveratrol and ε-viniferin and upregulation of gene transcripts including STS (a stilbene synthase), PR-2 (a β-1,3-glucanase), PR3-4c (acidic chitinase IV), and PR-5 (a thaumatin-like protein), as well as NCED2 involved in abscisic acid biosynthesis. It was also demonstrated that leaves pre-exposed to osmotic stress and later inoculated with B. cinerea showed enhanced PA accumulation and attenuation of CuAO and PAO activities. This was consistent with the impaired production of phytoalexins and transcript levels of defence-and stress-related genes following infection, and the enhanced susceptibility to B. cinerea. Pharmacological experiments revealed that, under osmotic stress conditions, CuAO and PAO were involved in PA homeostasis and in the regulation of defence responses. Specific inhibition of CuAO and PAO in osmotically stressed leaves strongly attenuated the induction of defence responses triggered by B. cinerea infection and enhanced susceptibility to the pathogen. Taken together, this study reveals a contribution of PA catabolism to the resistance state through modulation of immune response in grapevine following osmotic stress and/or after B. cinerea infection.
Introduction
Plants are frequently exposed to a myriad of biotic and abiotic stresses that can act in succession or simultaneously. To survive under such conditions, plants must coordinate responses to modulate resistance pathway activation depending on the type of attacking pathogen and the prevailing abiotic stress, such as drought, cold or salinity (Alcázar and Parker, 2011) .
In some cases, abiotic stress can enhance resistance to pathogens, indicating crosstalk between biotic and abiotic stress signalling (Bowler and Fluhr, 2000) . Distinct pathways that regulate plant responses to diverse stresses have been extensively described. However, some studies suggest an important coordination of plant responses to pathogens and abiotic stresses, including the expression of overlapping sets of genes in response to biotic and abiotic stresses (AbuQamar et al., 2006; Fujita et al., 2006) . Overall, plant responses to different stresses share points of convergence often defined by regulatory factors that integrate signalling from various pathways (Fujita et al., 2006; Chen et al. 2010; Laluk et al., 2011) . Most stress-induced adaptive responses involve redeployment of cell functions from metabolic processes to defence reactions (Takahashi et al., 2004) , some of which may be related to pathogen resistance. These induced responses are largely mediated by phytohormones and their interactions (Grant and Jones, 2009 ). Responses to pathogen infection are modulated by salicylate, jasmonate, and ethylene (ET), with a growing role for abscisic acid (ABA), auxin, and polyamines (PAs).
In plants, PAs such as putrescine (Put), spermidine (Spd) and spermine (Spm), or their oxidation products, are known as important components of biotic and abiotic stress responses (Bouchereau et al., 1999; Walters, 2003) . Although the mechanism of PA action in stress tolerance is not completely clear, assorted functions for these molecules have been proposed ranging from their involvement in carbon/nitrogen homeostasis to functioning as signalling molecules during plant-microbe interactions Takahashi et al., 2004; Moschou et al., 2009) . PA metabolism is altered in response to many types of abiotic stress including mineral deficiency, drought, salinity, osmotic stress, and cold and heat stress (Bouchereau et al., 1999; Cuevas et al., 2008; Alcázar et al., 2010) . In most cases, the plant response to these stresses is associated with activation of PA synthesis followed by stimulation of their oxidation (Aziz et al., 1998; Cona et al., 2006; Moschou et al., 2008a; Angelini et al., 2010) . This metabolic homeostasis constitutes a mechanism that may confer adaptive and protective functions under abiotic stresses Moschou et al., 2008a) . Recent studies also revealed a prominent role of PAs in plant disease resistance depending on the lifestyle of the pathogen (Mitsuya et al., 2009; Gonzalez et al., 2011; Nambeesan et al., 2012) . PA accumulation and further oxidation were detected in the leaf apoplast of tobacco plants infected by the biotrophic bacterium Pseudomonas viridiflava and the necrotrophic fungus Sclerotinia sclerotiorum (Marina et al., 2008) . PAs have also been shown to modulate plant defence responses at various levels. Spm was proposed to act as a signalling molecule to evoke defence reactions/cell death in virulent pathogen-attacked tobacco plants (Takahashi et al., 2004; Mitsuya et al., 2009) . Spm activated the expression of transcription factors, some of which are assigned as components downstream of H 2 O 2 signalling, and thus contributes to Arabidopsis plant resistance to P. viridiflava (Gonzalez et al., 2011) . More recently, Nambeesan et al. (2012) have shown that the Spd-accumulating transgenic tomato lines overexpressing yeast Spd synthase were more susceptible to Botrytis cinerea than the wild type. They suggested that this enhanced susceptibility to B. cinerea is linked to the attenuation of ET-mediated defence responses by PAs.
The cellular PA level is controlled in part by the action of amine oxidases including copper diamine oxidases (CuAOs) and flavoprotein PA oxidases (PAOs). The former catalyse the oxidation of Put to 4-aminobutanal with concomitant production of NH 3 and H 2 O 2 , and the resulting aldehyde is further converted to γ-aminobutyric acid (GABA) via Δ 1 -pyrroline. PAOs are involved in the catabolism of Spd and Spm leading to the formation of 1,3-diaminopropane (Dap), H 2 O 2 , and the corresponding aldehyde (Rea et al., 2002; Cona et al., 2006) . Some PAO isoforms catalysing the backconversion of Spm to Spd and Spd to Put have also been described in Arabidopsis thaliana (Moschou et al., 2008b) , with concomitant production of 3-aminopropanal and H 2 O 2 . PA oxidation has been correlated with cell-wall maturation and lignification during development, as well as with cell-wall reinforcement during pathogen invasion (Cona et al., 2006) . As a signal molecule, H 2 O 2 derived from PA oxidation mediates cell death, the hypersensitive response and the expression of defence genes (Yoda et al., 2006; Moschou et al., 2008a; Angelini et al., 2010) . Furthermore, aminoaldehydes and Dap derived from PA oxidation are involved in secondary metabolite synthesis and abiotic stress tolerance (Bouchereau et al., 1999) . In tobacco plants overexpressing PAO, systemic acquired resistance marker genes as well as an increase in the cell-wall-based defence were observed . These transgenic plants showed pre-induced disease tolerance against the biotrophic bacterium Pseudomonas syringae and the hemibiotrophic oomycete Phytophthora parasitica but not against cucumber mosaic virus.
In grapevine, PAs are involved in various physiological processes, such as growth, flowering, fruit setting, and ripening (Aziz et al., 2001; Aziz, 2003; Paschalidis et al., 2009) . PA accumulation and further oxidation have been reported in response to drought stress Toumi et al., 2010) . Grapevine plants can also display an immune response upon interaction with beneficial bacteria that enhances resistance against B. cinerea (Bordiec et al., 2011; Verhagen et al., 2010 Verhagen et al., , 2011 . In this context, we have suggested that abiotic factors may be involved in the control of induced resistance in the vineyard (Magnin-Robert et al., 2007 . Cramer et al. (2007) reported increased expression of some defence-related genes such as PR-2 and PR-5 in grapevine in response to water deficit. However, to our knowledge, the effect of abiotic stress followed by pathogen infection on grapevine defences has not been investigated. The role of PA homeostasis following osmotic stress in the immune response and basal resistance to pathogens has not been studied so far. Therefore, this work aimed to determine the modulating effect of osmotic stress on PA homeostasis and defence responses in grapevine before and after infection by the necrotrophic fungus B. cinerea, with emphasis on the contribution of stress-induced PA oxidation to the regulation of the host immune response. For this purpose, experiments were carried out using Vitis vinifera plantlets in vitro. We analysed the effects of osmotic stress induced by polyethylene glycol (PEG) and a high concentration of sucrose on free PA levels and CuAO and PAO activities, as well as on some defence-related responses in detached leaves. We further investigated through a pharmacological approach the role of stress-induced PA catabolism in the regulation of the immune response and resistance to B. cinerea.
Materials and methods
Plant material and stress application Grapevine plantlets (V. vinifera L. cv. Chardonnay 7535) were obtained by multiplication through in vitro micro-cuttings on pH 5.9 modified Murashige and Skoog (1962) medium as described by Verhagen et al. (2010) . Plantlets were grown under a 16/8 h photoperiod, at a photosynthetic photon flux density of 60 µmol photons m -2 s -1 from cool-white fluorescent lamps and a 25 °C day/night temperature. Fully expanded leaves were excised from 8-week-old plantlets and immediately transferred for 2 h to a control medium (12.5 mM MES, 7.5 mM KCl, 5 mM CaCl 2 , pH 6). Osmotic stress was induced by adding 600 mM sucrose or 400 g l -1 of PEG 6000 to the control medium. Control or treated leaves (with inhibitors and/or osmotica) were rinsed with distilled water and placed on wet absorbant paper in glass Petri dishes. One needle prick wound was applied to the abaxial side of each leaf and covered with 5 µl drops of a conidial suspension of B. cinerea (5 × 10 5 conidia ml -1 ).
Experimental treatments with pharmacological chemicals
Aminoguanidine (AG; Sigma) and guazatine (Guaz, Sigma) were supplied at a final concentration of 2 mM and 100 µM, respectively, 12 h before transfer of the leaves to a new control medium amended or not with 400 g l -1 of EG 6000 or 600 mM sucrose. Grapevine leaves were then used for analysis of biochemical and molecular responses. Controls were incubated in the reference medium under the same conditions without stress. In other experiments, after they were exposed to osmotic stress for 2 d, leaves were placed on plates and inoculated with B. cinerea as above.
PA analysis
Free PAs were extracted with cold 1 M HCl (0.25:1, w/v) and dansylated as described by Aziz et al. (2001) . Dansyl PAs were then analysed using an Acquity UPLC system (Waters), with an Acquity UPLC BEH C18 1.7 mm 2.1 × 100 mm column heated at 30 °C. Dansyl PAs were eluted with a mixture of water (A) and pure acetonitrile (B) at a flow rate of 0.5 ml min -1 according to the following gradient: initial, 50% A; 5 min, 5% A; 5.5 min, 0% A; 6 min, 0% A; 6.5 min, 50% A and 7 min, 50% A. Fluorescence was measured with an excitation wavelength of 365 nm and an emission wavelength of 510 nm using Acquity fluorimeter (Waters). PAs were quantified after yield correction with the internal standard and calibration with external standards (Sigma).
CuAO and PAO activity
After thorough washing, leaves (1 g) were homogenized in 3 ml of cold grinding buffer (100 mM potassium phosphate, pH 6.5 for PAO or pH 7.0 for CuAO) on ice and the extract was centrifuged at 12 000g for 10 min at 4 °C. The supernatant was used directly in amine oxidase assays. Extractable CuAO and PAO activity was measured spectrophotometrically by following the formation of a pink adduct (ε515=2.6 × 10 4 M −1 cm −1
) as a result of the oxidation and following condensation of 0.1 mM 4-aminoantipyrine and 1.0 mM 3,5-dichloro-2-hydroxybenzene sulfonic acid (Sigma-Aldrich) catalysed by 0.06 mg ml -1 of horseradish peroxidase (Cona et al., 2006) . The assays in 1 ml total volume were performed in 100 mM potassium phosphate buffer at pH 6.5 for PAO or pH 7.0 for CuAO containing 0.06 mg horseradish peroxidase (Sigma-Aldrich), with 2 mM putrescine or 2 mM spermidine as the substrates of CuAO and PAO, at 25 °C. Enzyme activities were expressed in nmol substrate oxidized min -1 g -1 of dry weight.
Phytoalexin analysis
Stilbenic phytoalexins were extracted with methanol (85%) as described by Aziz et al. (2006) . They were analysed using an Acquity UPLC system (Waters) with an Acquity UPLC BEH C18 1.7 mm 2.1 × 100 mm column heated at 30 °C. Resveratrol and viniferin were eluted with a mixture of water (A) and pure acetonitrile (B) at a flow rate of 0.5 ml min -1 according to the following gradient: initial, 90% A; 5 min, 10% A; 5.5 min, 0% A; 6 min, 0% A; 6.5 min, 90% A and 7 min, 90% A. Fluorescence was measured with an excitation wavelength of 330 nm and an emission wavelength of 375 nm using an Acquity fluorimeter (Waters). Phytoalexins were quantified after calibration with external standards.
RNA extraction and real-time PCR
Total RNA was isolated from leaves of 8-week-old grapevine plantlets using Extract-All reagent (Eurobio) and 150 ng was used for reverse transcription using a Verso cDNA Synthesis kit (ThermoElectron) according to the manufacturer's instructions. The transcript levels were determined by real-time PCR using the CFX96 system (BioRad) and ABsolute Blue qPCR SYBR Green as recommended by the manufacturer (ThermoElectron). PCRs were performed using a 10-fold cDNA dilution in duplicates as template in 96-well plates in a buffer containing 1× SYBR Green I mix (including Taq polymerase, dNTPs and SYBR Green) and 280 nM forward and reverse primers. The EF1 gene was used as a reference gene and experiments were repeated twice. The specific primers of analysed genes are listed in Supplementary Table S1 at JXB online. Relative gene expression was determined with the formula for fold induction: 2 -ΔΔCt , where
, where GI is the gene of interest. The reference sample is the control sample at 0 h chosen to represent 1× expression of the gene of interest.
Measurement of leaf water status
The relative water content (RWC) was calculated as: RWC=(FW -DW)/(TW -DW)×100. FW, TW and DW represent weight of fresh, turgid, and dry leaves, respectively. FW was determined immediately after sampling, while TW was obtained after incubating leaves in distilled water for 24 h in the dark at 4 °C. DW was determined after 48 h at 80 °C.
Fungal disease assay
The B. cinerea strain 630 was used for disease assays. Fungal culture and preparation of conidial spore suspensions were as described previously . Control or treated leaves (with inhibitors and/or osmotica) were rinsed with distilled water and placed on wet absorbant paper in glass Petri dishes. One needle prick wound was applied to the abaxial side of each leaf and covered with 5 µl drops of a conidial suspension of B. cinerea (5 × 10 5 conidia ml -1 ). Disease symptoms were measured at 5 d post-inoculation (dpi). In the stressed leaves, disease rating was expressed as the fraction of leaves falling in the following classes: I, spreading lesion of less than 25% of the leaf area; II, spreading lesion of 26-50% of the leaf area; III, spreading lesion of 51-75% of the leaf area; IV, spreading lesion of more than 75% of the leaf area. Following inhibitor pre-treatment, disease development was measured as the average diameter of lesions formed at 5 dpi.
Results

PA changes during osmotic stress and B. cinerea infection
To determine the relationship between PA homeostasis and immune responses, changes in free PA levels were quantified after treatment of leaves from in vitro plantlets with PEG 6000 and sucrose, and after inoculation of intact leaves with B. cinerea. As shown in Fig. 1a , Put concentration showed a gradual rise during osmotic stress or B. cinerea infection. This diamine reached a 2-fold increased level with PEG and B. cinerea inoculation and a 4-fold level with sucrose, compared with the control. A sharp increase in Spd level was also observed during the first period of osmotic stress (Fig. 1b) . Spd peaked at 24 h with PEG and at 48 h with sucrose before declining at a later time point (72 h). However, the Spd level showed a transient decrease at 24 h post-inoculation (hpi) with B. cinerea. After peaking at 24 h in the PEG-stressed leaves, the level of Spm (Fig. 1c) , which was much lower than that of Spd, decreased in response to both osmotica. Spm concentration also showed a sharp drop after B. cinerea inoculation. Dap concentration started to increase from 24 h of osmotic stress (Fig. 1d) ; it was higher in sucrose-than in PEG-stressed leaves. In B. cinerea-infected leaves, Dap concentration increased later at 72 hpi. The increased Dap level, which paralleled the return of Spd content to its basal level, or its decrease, which matched that of Spm, indicated that both osmotic stress and B. cinerea infection may activate PA oxidation in the leaf tissues.
CuAO and PAO activities are upregulated by osmotic stress and B. cinerea infection
To find out whether PA homeostasis following osmotic stress or B. cinerea infection is linked to an enhanced PA catabolism, CuAO and PAO activities were evaluated in both stressed and infected leaves. CuAO activity increased sharply in osmotically stressed or infected leaves (Fig. 2a) . It reached a maximum at 24 h, at approximately 2.5-3.5 times the levels found in control, followed by a sudden (sucrose) or late (PEG and B. cinerea) decline. Concomitantly, PAO activity was increased progressively (Fig. 2b ) in response to PEG or sucrose, as RWC decreased in leaf tissues ( Supplementary  Fig. S1 at JXB online). The strongest PAO activity was found at 72 h. In contrast to CuAO, the PAO response was lower with PEG than with sucrose. In leaves infected with B. cinerea, PAO activity also increased to a greater extent than that induced by osmotic stress at 48 h, after which it remained significantly elevated in response to all stresses. These observations are indicative of the contribution of CuAO and PAO to the observed PA homeostasis under osmotic stress or during B. cinerea infection.
Phytoalexin accumulation is elicited by osmotic stress and B. cinerea infection
The main phytoalexins that accumulate in grapevine after infection by fungi or bacteria are resveratrol (trans-3,4′,5-trihydroxystilbene) and its dehydrodimer ε-viniferin. To investigate whether osmotic stress could influence the production of these stilbenic phytoalexins, we determined both resveratrol and ε-viniferin levels in leaves treated with PEG or 600 mM sucrose, and compared their induced levels with those occurred during B. cinerea infection. We found that the synthesis of resveratrol (Fig. 3a) and ε-viniferin (Fig. 3b) was significantly elicited by osmotic stress with maximum values at 72 h. At this time, both resveratrol and ε-viniferin production was slightly less pronounced in PEG-than in sucrosetreated leaves. In B. cinerea-inoculated leaves, the level of resveratrol and ε-viniferin also increased significantly at 24 hpi and the responses were more intense at 48 and 72 hpi compared with osmotic stress. The ε-viniferin levels were four to five times higher than those of resveratrol at 72 h, indicating activation of resveratrol dimerization during osmotic stress or B. cinerea infection.
Defence-related genes are upregulated by osmotic stress and B. cinerea infection
Because phytoalexins accumulate in response to osmotic stress and B. cinerea infection, we used quantitative reverse transcription (qRT)-PCR to monitor the expression of STS (a stilbene synthase), PR-2 (a β-1,3-glucanase), PR3-4c (acidic chitinase 4c), and PR-5 (a thaumatin-like protein), as well as NCED2 (a key gene involved in ABA biosynthesis). Leaf samples were collected at 72 h after sucrose or PEGinduced osmotic stress, or after challenge with B. cinerea.
The transcript abundance of the examined genes was variable, depending on the type of stress (Fig. 4) . As expected, the expression of STS, which is responsible for the synthesis of resveratrol, was strongly induced by B. cinerea but increased, albeit to a much lower level, in the PEG-and sucrose-stressed leaves. A significant increase in PR3-4c expression was also observed in response to both osmotica, while its expression was strongly upregulated after B. cinerea infection. The expression of PR-2 was also induced by osmotic stress, reaching a level close to that induced by B. cinerea. The relative expression level of PR-5 increased only slightly with PEG stress and B. cinerea infection, whereas there was a large rise in PR-5 transcript level in the sucrose-stressed leaves.
ABA is synthesized in response to various stresses and has been recognized as a regulator of disease resistance through its interactions with other signalling molecules. Here, we monitored the transcript levels of NCED2 in osmotically stressed and B. cinerea-infected leaves. As shown in Fig. 4 , the NCED2 transcript was upregulated to a similar level in response to PEG and B. cinerea infection. The highest upregulation (5-fold) was observed in sucrose-stressed leaves. This indicated that osmotic stress activates the ABA-mediated signalling pathway and that endogenous ABA might be important in defence signalling.
Osmotic stress enhances susceptibility to the fungal pathogen B. cinerea
The previous results prompted us to determine whether there was a link between the level of defence responses following osmotic stress in grapevine leaves and disease susceptibility to B. cinerea. Detached leaves were subjected for 2 d to PEG-or sucrose-induced osmotic stress, and the frequency distribution of disease symptoms was evaluated by following the level of necrosis appearing in the inoculated leaves 5 d after challenge. As expected, grapevine leaves were highly susceptible to B. cinerea, and osmotically stressed leaves showed more extensive necrosis than non-stressed ones (Fig. 5) . PEG stress dramatically increased the disease rating caused by B. cinerea, with approximately 42% of leaves heavily infected. In case of sucrose stress, leaves were also very susceptible to B. cinerea but with different range of lesion sizes. 
Pre-exposure to osmotic stress enhances free PA accumulation in B. cinerea-infected leaves
To evaluate the impact of osmotic stress on PA homeostasis during pathogen infection, we first exposed grapevine leaves to osmotic stress with PEG or sucrose, and 2 d later they were inoculated with B. cinerea. As shown previously, after 2 d of osmotic stress (at 0 hpi), Put (Fig. 6a) , Spd (Fig. 6b) and Dap (Fig. 6d ) levels increased, whereas Spm (Fig. 6c) level was high in PEG-but decreased in sucrose-stressed leaves. Following osmotic stress, B. cinerea enhanced Put accumulation by about 3-to 4-fold from the first 24 hpi, compared with uninfected leaves (Fig. 6a) . The enhanced level of Put was less important in PEG-than in sucrose-stressed leaves. Both Spd and Spm levels decreased during B. cinerea infection (except for Spm, which showed a constant level following PEG stress), but remained elevated compared with non-stressed leaves. Dap content decreased significantly upon infection of sucrose-treated leaves but increased following PEG stress and reached similar levels as in non-stressed leaves at 72 hpi. This indicated that osmotic stress pre-treatment potentiates free PA accumulation after infection of grapevine leaves with B. cinerea.
Osmotic stress represses the induction of CuAO and PAO activities triggered by B. cinerea infection
We next examined the impact of osmotic stress on the induction of CuAO and PAO activities triggered by B. cinerea. As shown in a previous section, PEG or sucrose alone stimulated the activity of both CuAO and PAO. In contrast, subsequent infection with B. cinerea strongly reduced both enzyme activities (Fig. 7) . Either PEG-or sucrose-triggered CuAO activity was completely abolished after infection with B. cinerea (Fig. 7a) , while that of PAO was lowered by about 50-75% compared with the non-infected leaves (Fig. 7b) . Collectively, these results indicated that osmotic stress pre-treatment enhances free PA accumulation in B. cinerea-infected leaves, probably through a reduced activation of their oxidation pathways.
Osmotic stress attenuates the induction of defence responses triggered by B. cinerea infection
We also investigated how osmotic stress modulates the induction of defence responses triggered by B. cinerea infection. In this experiment, detached leaves were first stressed with PEG or sucrose, and after 2 d the leaves were inoculated with B. cinerea. The defence responses were monitored at 72 hpi. As shown in previous results, after 2 d (0 hpi), osmotic stress triggered accumulation of resveratrol (Fig. 8a ) and ε-viniferin (Fig. 8b) in leaf tissues. A strong accumulation of both phytoalexins was also induced during B. cinerea infection. However, this induction was significantly attenuated by pre-exposing leaves to osmotic stress. The reduction in phytoalexin accumulation was apparent from 48 hpi following osmotic stress, and was pronounced in leaves pre-exposed to sucrose stress. We also showed that B. cinerea induced STS gene expression, but the application of osmotic stress attenuated STS transcript levels induced by B. cinerea infection. This effect was more important with sucrose ( Fig. 9) than with PEG stress (data not shown). Similarly, PR-2 and NCED2 transcript levels were highly attenuated in infected leaves following osmotic stress. The osmotic stress-induced expression of PR3-4c remained unchanged upon infection with B. cinerea, while PR-5 transcripts reached a level similar to that of non-infected leaves.
Inhibition of CuAO or PAO affects defence responses induced by osmotic stress
The above reported data indicated that most of the studied defence responses induced by osmotic stress or B. cinerea infection were concomitant with the induced diamine and PA oxidation. It could be suggested then that the enhanced defence responses may be linked at least in part to the activation of PA catabolism during stress or pathogen infection. To evaluate the contribution of CuAO and PAO in the regulation of defence responses triggered by osmotic stress, we used AG, an irreversible inhibitor of the CuAO (Crabbe et al., 1975) , and Guaz, which competitively inhibits PAO (Federico et al., 2001) . The basal activity of CuAO was not affected by pretreatment with AG or Guaz, while PAO activity decreased with both inhibitors to values below that of the control ( Supplementary Fig. S2 at JXB online). However, the CuAO and PAO activities induced by osmotic stress were significantly attenuated following pre-treatment with AG or Guaz. CuAO and PAO activities seemed more inhibited in PEGthan in sucrose-stressed leaves pre-treated with AG (Fig. S2) . Following pre-treatment with Guaz, a slight inhibition of the induced CuAO activity was observed in PEG-stressed leaves (Fig. S2a) . However, PAO activity was inhibited by more than 80% either in PEG-or sucrose-stressed leaves pre-treated with Guaz (Fig. S2b) . We also tested whether pre-treatment with AG and Guaz could affect free PA levels in the leaves after osmotic stress. Incubating the leaves with AG prior to osmotic stress led to increases in Put, Spd and Spm levels ( Supplementary Fig. S3a-c at JXB online) . However, the Dap levels decreased after PEG stress but remained unchanged after sucrose application (Fig. S3d) . The application of Guaz prior to osmotic stress also resulted in a marked increase in free Put and Spd levels (Fig. S3a, b) . The Spm level remained unchanged in PEG-, but increased in sucrose-stressed leaves (Fig. S3c) , while that of Dap was significantly reduced in PEG-but not in sucrose-stressed leaves (Fig. S3d) . These results suggested that the stress responses monitored at the PA level involved not only a rise in PA biosynthesis but also a stimulation of diamine and PA oxidation.
The effect of osmotic stress following pre-treatment with AG and Guaz on induced defence responses was assessed through the analysis of stilbenic phytoalexins and defence-related genes. The results showed that the synthesis of resveratrol (Fig. 10a ) and ε-viniferin (Fig. 10b) was significantly reduced in osmotically stressed leaves pre-treated with AG or Guaz, Following AG pre-treatment, resveratrol and ε-viniferin accumulation was reduced by about 60 and 40% in PEG-stressed leaves, respectively, while in sucrose-stressed leaves only resveratrol accumulation was severely reduced. The induction of resveratrol and ε-viniferin accumulation was also attenuated by about 40-50% following pre-treatment with Guaz, whatever the osmotic agent. qRT-PCR analysis indicated that AG or Guaz pre-treatment without stress had no effect on the basal transcript levels of STS, PR3-4c, and PR-5, while PR-2 and NCED2 were slightly upregulated by both AG and Guaz (PR-2), or only by Guaz (NCED2) (Fig. 11) . However, the induction of STS and PR3-4c expression by PEG and sucrose stress was significantly attenuated following pre-treatment with AG and Guaz. The induced transcript level of PR-2 was also lowered in sucrose but not in PEG-stressed leaves. Inversely, induction of the PR-5 transcript was completely hampered in PEG-but not in sucrose-stressed leaves pretreated with AG. The induced expression of PR-2 and PR-5 was also suppressed in sucrose-but not in PEG-stressed leaves pre-treated with Guaz. The ABA biosynthesis gene NCED2, whose expression is upregulated by osmotic stress, showed a reduced induction in sucrose-stressed leaves following pretreatment with AG. Surprisingly, the induction of NCED2 by PEG was strongly increased in leaves pre-treated with Guaz, but this was slightly reduced in sucrose-stressed leaves.
Inhibition of CuAO or PAO in osmotically stressed leaves increases susceptibility to B. cinerea
As shown above, the attenuation by osmotic stress of defence responses induced by B. cinerea infection was paralleled by Fig. 9 . Osmotic stress modulates the induction of gene expression triggered by B. cinerea infection in grapevine leaves. Detached leaves were first incubated in control medium (Ctrl) or exposed to osmotic stress with 600 mM sucrose (SUC) for 48 h and then drop inoculated with B. cinerea (B.c for non-stressed but inoculated leaves, and SUC+B.c for stressed and then inoculated leaves) and harvested at 72 hpi. Transcript level of the STS, PR3-4c, PR-2, PR-5, and NCED2 genes was determined by qRT-PCR. The EF1 gene was used as the internal control for normalization. Results are expressed as the fold increase in transcript level relative to control leaves at 0 h. Values are means ±SD of two experiments repeated twice. Different letters indicate significant differences using ANOVA and Duncan's multiple range test (P<0.01) for post-hoc comparison of means.
the reduction of CuAO and PAO activities. We evaluated whether PA oxidation was involved in the grapevine resistance against B. cinerea. For this purpose, we first pre-incubated leaves with CuAO and PAO inhibitors for 12 h; they were then exposed to osmotic stress and 2 d later were inoculated with B. cinerea. The disease severity was evaluated by following the level of necrosis appearing in the inoculated leaves 5 d post-inoculation. As described earlier, PEG or sucrose enhanced leaf susceptibility to B. cinerea. The average diameter of the necrotic lesion was increased by about 2-and 3-fold in sucrose-and PEG-stressed leaves, respectively (Fig. 12) . In leaves pre-treated with AG or Guaz alone, the necrotic lesions caused by B. cinerea were similar to those of the control. However, pre-incubation of leaves with AG or Guaz prior to osmotic stress markedly increased the susceptibility to B. cinerea. The necrotic lesions formed had an average diameter 1.5-to 2-fold higher than those produced in osmotically stressed leaves. Collectively, this indicated that inhibition of CuAO or PAO significantly attenuated the basal resistance of the leaves that accumulate higher levels of free PAs and impaired most of the defence responses. Indeed, incubation of leaves with AG ( Supplementary Fig. S4 at JXB online) or Guaz (data not shown) followed by osmotic stress and B. cinerea infection resulted in a low expression of examined genes, except for PR-2, which showed an enhanced transcript level. Interestingly, the level of the NCED2 transcript was strongly reduced to a level lower than that of the control (see Fig. 9 ). This result suggested that NCED2 expression is also regulated by a PA-dependent pathway upon osmotic stress and/or B. cinerea infection.
Discussion
Osmotic stress induces PA oxidation and defence responses
Grapevine productivity and quality are severely compromised by abiotic stresses such as drought, but also by diseases caused by pathogens, such as B. cinerea. PAs have been shown to play a pivotal role in plant adaptation to stress and more recently in innate immunity, but the role of PA catabolism in these responses is still obscure (Cona et al., 2006) . In this work, we showed that the levels of free Put in grapevine leaves increased gradually during osmotic stress or B. cinerea infection, while the transient increase of Spd and depletion of Spm levels were accompanied with 1,3-Dap (an oxidation product of Spd and Spm) accumulation. The kinetic and magnitude of these responses were dependent on the nature of the osmoticum used or its permeation into grapevine leaves. As conjugated PA levels are very low in the leaves of grapevine plantlets and did not change significantly under osmotic stress conditions (data not shown), this probably reflected an induction of PA catabolism (Cona et al., 2006) . Indeed, the change in PA content that we observed was reflected by the enhanced activity of CuAO and PAO, although we do not rule out the possibility that the accumulated Put could result from activation of its biosynthetic pathways related to Spd synthesis. The increase in Put could also be due to a possible back-conversion of Spd to Put by an unknown grapevine PAO isoform, as reported in Arabidopsis (Moschou et al., 2008b) . This led us to hypothesize that CuAO and PAO may exert a specific role in the stress tolerance strategy that minimizes cellular damage under stress conditions. PA oxidation pathways are upregulated in other plant species following abiotic stress (Aziz et al., 1998; Moschou et al., 2008a; Alcázar et al., 2010) , elicitation (Walters et al., 2002) or pathogen infection (Walters, 2003; Marina et al., 2008; Moschou et al., 2009; Gonzalez et al., 2011) , and seem to play a regulatory role in biotic and abiotic stress responses (Cona et al., 2006; Angelini et al., 2010) . As a signal molecule, H 2 O 2 derived from PA oxidation mediates the hypersensitive response and the expression of defence genes in tobacco plants (Cona et al., 2006; Yoda et al., 2006; Moschou et al., 2008a) . Aminoaldehydes and 1,3-Dap are also involved in secondary metabolite synthesis and abiotic stress tolerance (Bouchereau et al., 1999) .
Our study also showed that PA responses are accompanied by accumulation of the main stilbenic phytoalexins, resveratrol and ε-viniferin, and upregulation of gene transcripts such as STS, , as well as NCED2 involved in ABA biosynthesis. As seen in the change occurring in PA levels, some defence responses were much less prominent in PEG-than in sucrose-treated leaves. This could imply a possible contribution of sucrose, a highly permeable molecule, as a common source of carbon and energy. Despite differential responses to osmotica, our observations are in accordance with a previous study (Cramer et al., 2007) showing that a number of stress and defence-related genes, including PR-2 and PR-5, and NCED transcripts are upregulated by water stress in grapevine plants. Some of these responses could be involved in both osmotic stress tolerance and resistance to pathogens. The correlation between PA response and induced defences upon osmotic stress and B. cinerea infection suggests a possible connection between PA metabolism and immune response.
CuAO and PAO regulate the induction of defence responses triggered by osmotic stress
This study demonstrated for the first time that osmotic stress triggers PA oxidation and results in a subsequent susceptibility of grapevine leaves to B. cinerea. This emphasizes the importance of osmotic status in immune response towards pathogen infection. In addition, inhibition of CuAO and PAO revealed that PA terminal catabolism, or a possible back-conversion, is involved in PA homeostasis under stress conditions. This also confirmed that the induced phytoalexin synthesis and PR gene expression by osmotic stress may depend on CuAO and PAO activation, which likewise plays a role in basal resistance against B. cinerea. CuAO and PAO are known to be located predominantly in the cell wall, and the production of H 2 O 2 resulting from PA oxidation has been correlated with cell-wall maturation and lignification in different plant species (Cona et al., 2006; Marina et al., 2008; Moschou et al., 2008a) . PA metabolic pathways are interconnected with other metabolic routes such as ET, GABA, nitric oxide, and ABA as important signalling pathways involved in either abiotic stress or disease tolerance (Cona et al., 2006; Tun et al., 2006; Cuevas et al., 2008) . PA oxidation might also operate as an important route to provide a carbon skeleton and to supply the Krebs cycle, which plays a crucial anabolic role in supporting the costly defence-related metabolic pathways, such as stress-induced phenylpropanoid metabolism (Moschou et al., 2012; Seifi et al., 2013) . It is thus tempting to speculate that CuAO and PAO could convert Put, Spd, and Spm into oxidized forms and thereby transduce the PA signal that contributes at least in part to basal immunity by regulating phytoalexin synthesis and PR gene expression.
We also observed that osmotic stress (sucrose)-induced NCED2 gene expression was reduced by inhibitors of oxidizing PA enzymes. These observations are consistent with previous research showing that the transcript abundance of NCED genes was increased with water deficit or salinity in grapevine plants (Cramer et al., 2007) , and that Put can control the levels of ABA in A. thaliana in response to low temperature by modulating ABA biosynthesis (Cuevas et al., 2008) . It has also been reported that induction of NCED3 expression is due to an increase in Spm level in Arabidopsis overexpressing S-adenosylmethionine decarboxylase (Alcázar et al., 2010) . Thus, upregulation of the NCED2 gene in PEGstressed leaves pre-treated with Guaz may be explained by the enhanced level of PAs.
Pre-exposure of leaves to osmotic stress enhances free PA accumulation but attenuates the induction of defence responses and resistance to B. cinerea infection
Our study showed that osmotic stress and B. cinerea infection, when applied separately, induced CuAO and PAO activities and defence responses in grapevine leaves. However, when plants were exposed to osmotica and later inoculated with B. cinerea, they showed a great reduction in CuAO and PAO activities, which was consistent with enhanced levels of PAs and impaired defence responses. This suggests that the plant response to individual stresses is different from that for multiple stresses, producing opposite effects. The molecular signalling pathways controlling biotic and abiotic stress responses may interact and antagonize one another (Atkinson and Urwin, 2012) . Our data also suggest a relationship between PA oxidation and immune response in grapevine. The results also showed that subsequent challenge of stressed leaves with B. cinerea resulted in a significant reduction of accumulated phytoalexins and transcript levels of STS, PR-2, and NCED2 but not of PR3-4c and PR-5. These observations indicate not only that divergent signalling pathways occur upon challenge with the necrotrophic pathogen (Aziz et al., 2004) but also a possible link between PA oxidation and regulation of phytoalexin production, PR-2 and ABA synthesis.
The inhibition of CuAO or PAO by AG and Guaz significantly attenuated basal resistance to B. cinerea of leaves that accumulated higher levels of free PAs and impaired most of defence responses. Such an effect may be directly associated with reduced generation of H 2 O 2 from PA catabolism/ back-conversion, as this response helps to restrict pathogen proliferation (Yoda et al., 2006) . This is also in line with the finding that treatment of tomato plants with exogenous Spd increases the susceptibility of leaves to B. cinerea (Nambeesan et al., 2012) . The enhanced susceptibility to B. cinerea could be due in part to the interference of increased Spd levels with ET biosynthesis as reported in tomato (Nambeesan et al., 2012) . It has also been shown that AG blocks the deposition of lignin and suberin along wounds induced by H 2 O 2 released from Put oxidation through CuAO (Angelini et al., 2010) . Another possibility is that the level of PAs signals the ABA synthesis and thereby influences the resistance process in grapevine. ABA has been shown to determine basal susceptibility of tomato to B. cinerea (Seifi et al., 2013) . In agreement with this, we showed that CuAO and PAO activation paralleled the level of NCED2 transcripts, and pharmacological studies have suggested that NCED2 expression is also dependent on PA oxidative pathways following osmotic stress and/or B. cinerea challenge. Metabolic products derived from PA oxidation may also be involved in the regulation of defence responses, as reported recently for GABA (Seifi et al., 2013) . Alternatively, an excess of PAs may attenuate defence responses and therefore promote the development of the pathogen (Nambeesan et al., 2012) .
Taken together, this study has revealed a critical role of water stress as a part of the grapevine immune response towards B. cinerea infection. To our knowledge, these data provide the first information on a possible interconnection between PA homeostasis and resistance state through modulation of the immune response in grapevine following osmotic stress and/or upon B. cinerea infection. PA oxidation induced by osmotic stress may affect the host-signalling network that leads to enhanced immune responses and disease resistance of grapevine through mechanisms that include modulation of phytoalexin synthesis, ABA biosynthesis, and PR gene expression in infected tissues.
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